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A thin–thick transition in the surface-frozen layer
of a binary alcohol mixture
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A new quadrilayer surface phase, and its transition to bilayer and liquid surface phases, are observed
by x-ray and surface tension measurements in the surface-frozen layer of a binary mixture of
;20%C26OH:80%C18OH alcohols. The surface phase diagram is rationalized qualitatively based
on the free energy landscape. A quantitative elucidation of the molecular-level origin of these effects
is not currently available. ©2003 American Institute of Physics.@DOI: 10.1063/1.1574313#
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The free surface of molten alcohols1 @H(CH2)nOH, 16
<n<28, denoted CnOH] was found to solidify at a tempera
ture T5Ts , several degreesabovebulk freezing atT5Tf .
The solid surface layer, formed over the still-liquid bulk d
to this surface freezing~SF! effect, was suggested to be st
bilized by a delicate balance of interfacial free energie2,3

and/or by entropic effects.4 Normal-alkanes@H(CH2)nH,
15<n<50#, and their mixtures, also exhibit SF. Howeve
while for the nonpolar alkanes a single surface-frozen mo
layer is observed, for the polar alcohols a surface-frozen
layer is obtained, stabilized by hydrogen bonds between
terminal hydroxyl groups which reside at the bilayer’s cen
Binary mixtures of different-length alcohols also exhibit S
within a surface phase diagram which was accounted
quantitatively by a simple thermodynamical mean-fie
approach.5 In all previous studies of both pure and bina
mixtures, either a single temperature-independent SF mo
layer ~alkanes! or a single SF bilayer~alcohols! was invari-
ably found to form at the melt’s surface, regardless of h
close one gets to the bulk freezing temperature. This beh
ior is in marked contrast with liquid crystals, some of whi
exhibit a thin-layer smectic phase at the free surface of
nematic or isotropic bulk. There, the smectic layer’s thic
ness always increases, and often diverges to macrosc
values, as the bulk transition temperature is approached6

We present here an observation and study of a SF la
comprising a stack oftwo bilayers, i.e., a quadrilayer, in
C18OH1C26OH mixtures within a narrow concentratio
range 0.2&f&0.23, wheref is the molar fraction of the
C26OH in the liquid bulk. This phase was found in a syste
atic investigation, by surface tension measurements, of
dependence of the SF phase behavior on the length di

a!Author to whom all correspondence should be addressed; electronic
deutsch@mail.biu.ac.il
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ence,Dn, of the two components of a binary mixtures. W
focused on the transition regime between largeDn, where
phase separation of the two species occurs, and the smaDn
regime, where uniform mixtures are obtained. This regi
was found in previous studies to show exotic phases
transitions, e.g., a surface demixing7 or a surface
rotator-to-crystal8 transition. In the present study, the entro
changes associated with the formation of the bi- and qu
rilayer surface phases were investigated by surface ten
~ST! measurements. The surface-normal structure of
liquid–vapor interface was studied for the liquid, bilayer, a
quadrilayer surface phases by x-ray reflectivity~XR! mea-
surements. For af50.2 mixture, a temperature-driven tran
sition from a bilayer to a quadrilayer SF phase was observ
The thermodynamics of the (f,T) phase diagram, the pos
sible mechanisms stabilizing the quadrilayer surface ph
and the free energy relations driving the various surface tr
sitions are discussed qualitatively, though a quantitative
scription is still missing.

Materials, purchased from Aldrich and marked as*99%
pure, were used as obtained. Preweighed quantities were
melted, vigorously stirred, and poured onto a preheated c
per substrate. The substrate was placed inside a sealed
the temperature of which was regulated to&0.01 °C. The
XR measurements, at a wavelength ofl51.54 Å, were car-
ried out at beamline X22B, NSLS, using the same setup
previous studies.1,3,7,9 The technique is well-known10 and
will not be discussed here. The details of the cell, the exp
ment, and the data analysis were the same as in ea
studies.1,3,5,9The surface tension measurements were car
out using the Wilhelmy plate method, in a cell almost ide
tical with that of the x-ray measurements. For details s
Refs. 1 and 3.

The measured XR curves,R(qz) whereqz is the surface-
normal wave vector transfer, are shown in Fig. 1. AtT.Ts

~squares! a monotonically decreasing reflectivity curve, typ
il:
9 © 2003 American Institute of Physics
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cal of a liquid surface,10 is obtained. Upon formation of the
surface-frozen bilayer, characteristic interference fringes~tri-
angles!, akin to the Kiessig fringes in classical optics, a
generated by rays reflected from the top and bottom of
bilayer. The fringe period,Dqz'0.1 Å21, indicates a layer
thickness ofd52p/Dqz'63 Å, which agrees well with the
thickness expected for a bilayer of pure (f51) C26OH, for
which this curve was measured, taking the known1 ;22°
molecular tilt into consideration. The XR curve shown
open circles differs strikingly from the other two. A quas
Bragg peak is observed atqz'0.28 Å21, and a pronounced
shoulder at'0.08 Å21. The fringes observed between the
two features, albeit of low contrast, show a period which
roughly half of that observed for the bilayer~triangles in Fig.
1!, indicating that this layer is about twice as thick as t
single SF bilayer of pure C26OH. The fringe period,Dqz

'0.045 Å21, yields a total layer thickness ofd52p/Dqz

5140 Å, roughly equal to four extended molecular leng
of C26OH. This is consistent with the conclusion that t
surface phase consists of a stack of two bilayers, i.e., a q
rilayer. The low contrast in the fringes of the quadrilay
reflectivity curve~circles! indicates a high interfacial rough
ness for the surface phase. Practically identical XR cur
were obtained at two different temperatures, at 0.5
1.3 °C belowTs , within theDT5Ts2Tf'1.5 °C existence
range of the quadrilayer phase. The sample was heated
*15 °C aboveTs and then recooled to the SF range belo
Ts in between these two XR measurements.

In view of the poor contrast in Fig. 1, it is important t
consolidate the conclusion that a quadrilayer is indeed be
observed without making anya priori assumptions about th
specifics of the molecular-level structure. Thus, we have

FIG. 1. The measured~points! and slab model fitted~lines! x-ray reflectivity
curves for the free surface of a C26OH liquid surface~squares!, surface
frozen C26OH bilayer phase~triangles! and surface frozen quadrilayer pha
~circles! of a 23%C26OH:77%C18OH alcohol mixture melt. Inset: the elec
tron density profiles obtained from the fit shown in the corresponding lin
the main figure. Curves are shifted vertically for clarity.
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culated the Patterson functions of the SF layersdirectly from
the measured XR curvesshown in Fig. 1~circles!. This is
done by the method developed by Tidswell and co-worke11

for alkylsiloxane-coated silicon. For an arbitrary surfac
normal density profile the modulus of the structure fac
uF(qz)u is given by

uF~qz!u25R~qz!/RF~qz!, ~1!

whereRF5u(qz2Aqz
22qc

2)/(qz1Aqz
22qc

2)u2 is the Fresnel
reflectivity of an ideally smooth and abrupt interface,10 and
qc is the wave vector transfer at the critical angle for to
external reflection. ThisuF(qz)u2 was corrected below the
critical angle to correspond to the wave vector value ins
the bulk. Also,uF(qz)u was assumed to be symmetric so th
uF(qz)u25uF(2qz)u2. To minimize artifacts due to data te
mination the measuredR(qz)/RF(qz) was extrapolated by a
Gaussian from the last measured point atqz'0.5 Å21 to
qz58 Å21, and multiplied by exp(2aqz

2) with a55 Å2 to
minimize the influence of the outerqz-range. The Patterson
function was therefore calculated as

P~s!}E
2`

`

dqzuF~qz!u2e2aqz
2
e2 iqzs. ~2!

This function yields peaks at values ofs corresponding to
repeat distances of the real-space surface-normal elec
density profile. For convenience we use in the following t
squared modulus of this complex function,P5PP* 5uPu2.

TheP function of the C26OH bilayer~Fig. 1, triangles! is
shown in Fig. 2~a!. The internal structure of the surface fro
zen layer1 results in the appearance of several peaks, ra

n

FIG. 2. The modulus squared of the Patterson function calculated from~a!
the measured XR curve of C26OH bilayer phase,~b! the measured XR curve
of the quadrilayer phase of 23%C26OH:77%C18OH alcohol mixture, and~c!
the slab model fitted to the quadrilayer XR curve. Note that for the us
bilayer ~a! no peaks can be observed aboves570 Å, indicating that the
largest repeat distance in the system is that corresponding to a bilay
C26OH. For the quadrilayer~b! and ~c! the peaks extend to roughly twice
largers values.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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than a single peak corresponding only to the total thickn
of the bilayer. The total thickness of the layer correspond
the highest-s peak,s'70 Å. The other peaks can be iden
fied by a comparison of thisP function with the results ob-
tained from a slab model fit to the same bilayer in an ear
study.1 We can see clearly that the strongest peak, locate
s561 Å, is due to the distance between the CH3 slabs of the
upper and the lower layers, while the OH groups’ slab in
middle of the bilayer yields the two small peaks observed
low s. The published1 total thickness of the C26OH SF bi-
layer is 65.4 Å, which is in reasonable agreement with
position of the strongest peak of theP function, considering
the above-described extrapolations and approximations
the rather broad,.15 Å, width of the peaks inP.

TheP function obtained by the same procedure from
quadrilayer XR curve~Fig. 1, circles! is shown in Fig. 2~b!.
By comparison with Fig 2~a! one can readily identify the
bilayer peaks in theP function of the quadrilayer. For a mor
detailed comparison note that the concentration in the
face frozen layer differs, in general, from that of the bulk,f.7

In particular, in the C18OH1C26OH mixtures the surface fro
zen layer is known to consist of almost pure C26OH down to
f.0.2.5 Moreover, the molecules in the SF bilayer of pu
C26OH are tilted,1 but an admixture of,5% of C18OH in the
liquid phase is already sufficient to cause the C26OH mol-
ecules in the SF phase to align along the surface norm5

Thus, thed565.4 Å thickness of the tilted bilayer of pur
C26OH increases tod565.4/cos(22°)570.5 Å in the un-
tilted bilayer of thealmostpure C26OH SF layer at the sur
face of the C18OH1C26OH mixture. This increase ind is
observed in the upshift of the quadrilayer peak’s position
Fig. 2~b! relative to that in Fig. 2~a!. The most important
feature in Fig. 2~b! are, however, the high-s peaks not ap-
pearing in theP function of the bilayer in Fig. 2~a!. The
outermost peaks extend up tos.140 Å, roughly twice the
thickness of the C26OH bilayer, further supporting the as
signment of this XR curve to a surface quadrilayer. T
small peaks, extending to high-s values, decay slowly with
s, and disappear totally only ats.500 Å. These peaks ar
clearly numerical artifacts, due to the small number of poi
and insufficient statistics of our XR data at smallqz values.

To extract structural informationat the molecular level
from the measured XR curves, we employed the widely u
method10 of approximating the surface-normal density pr
file, r(z), by a physically motivated slab model, and calc
lating the corresponding reflectivity curve analytica
through

R~qz!/RF~qz!5uF~qz!u2

5U~1/r`!E
2`

` d^r~z!&
dz

exp~ iqzz!dzU2

,

~3!

where F(qz) is the structure factor of the interface,r` is
electron density profile in the liquid well below the surfac
and ^ . . .& denotes averaging in the surface-parallelx–y
plane. The modelR(qz)/RF(qz) is then fitted to the mea
suredR(qz)/RF(qz). The parameters obtained from the be
fit yield, in turn, the surface-normal density profiles. T
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model fit to the measured liquid surfaceR(qz) ~squares!, and
the corresponding density profile are shown in dash-dot li
in the main Fig. 1 and the inset, respectively. As can be se
r(z) increases smoothly and monotonically from a zero d
sity outside the sample, tor`50.27e/Å 3 in the liquid bulk.
The finite interfacial width is due to thermally excited cap
lary waves with a Gaussian distribution of amplitudes
width s liquid.4.5 Å, in good agreement with capillary wav
theory calculations based on the surface tension of the m

For the bilayer we employed the same slab model u
successfully for pure alcohols and alcohol mixtures.1,5 It con-
sists of four slabs, representing~1! the upper layer of
(CH2)n21 alkyl chains, ~2! the OH head groups,~3! the
lower layer of (CH2)n21 alkyl chains@same as slab~1!#, and
~4! the lower-layer’s terminal CH3 groups at the SF layer
subphase interface. A semi-infinite fifth slab represents
liquid bulk subphase. Gaussian roughness was included a
interfaces. A good fit of the model~dashed line! to the mea-
suredR(qz) ~triangles! is obtained as shown in Fig. 1. Th
corresponding density profile is shown in a dashed line in
inset, shifted up by 0.1e/Å 3 for clarity. The model adopted
for the quadrilayer consists of a stack of two bilayers. Fi
attempt to fit this model to the measuredR(qz) ~circles in
Fig. 1! yielded electron densities for the SF layer as low
that of the liquid bulk, i.e.,;12% lower than the densitie
expected and also found for all SF bilayers.1 Moreover, the
quality of the fit was poor. We therefore included in the fit
incomplete coverage of surface by the quadrilayer. A sign
cantly improved fit was obtained for an;80% coverage of
the surface by the quadrilayer. The additional;20% surface
area was assumed to remain liquid. This model fit is sho
in Fig. 1 in a solid line, with the corresponding quadrilay
r(z), shifted up by 0.2e/Å 3, shown in the inset. The aver
age electron density of the alkyl chain slab is now mu
closer to that expected, but still;4% – 5% lower than that
of the corresponding density in pure alcohol SF bilaye
This remaining deviation can be assigned, perhaps, to
incorporation of a large number of voids and packing imp
fections in the SF layer. This would reduce the liquid/so
density contrast, and, in turn, result in a reduced fringe c
trast in R(qz), as indeed observed in the measured X
~circles! in Fig. 1. The incomplete coverage is also in lin
with the increased tendency for an imperfect packing, a
the reduced contrast observed for the fringes in theR(qz)
measured for the bilayer phase atf'0.2.

The quality of the fit to the measured quadrilayerR(qz)
is significantly inferior to that of the pure C26OH bilayer
shown in Fig. 1. However, we believe that the model s
captures the essential features of the layer’s structure. A m
sophisticated model could perhaps achieve a better ag
ment. This, however, would come at a cost of increas
significantly the number of adjustable parameters, wh
start showing a non-negligible degree of correlation alrea
for our more restricted model.

It is interesting to compare theP function of the fitted
quadrilayer slab model with that derived from the measu
data. This is shown in Fig. 2~c!. The peaks extend here up t
s.150 Å, close to the high-s limit of the P function of the
experimental data, shown in Fig. 2~b!. TheP function of the
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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slab model has four split peaks. The splitting is due to
internal structure of the layers: the CH3-depletion and the
OH-enhancement slabs. The positions of the split peak
Fig. 2~c! correspond quite well to the locations of the pea
of the experimental data’sP function in Fig. 2~b!. The dif-
ferences observed are due to both the above-mentioned
merical artifacts and the simplicity of the model, which a
tempt to capture only the major characteristics of
structure.

Additional support for the above-presented conclusion
the formation of a SF quadrilayer at the surface comes fr
temperature-dependent surface tension measurements
surface tension of a liquid,g, is the difference between th
free energies of the bulk (Fb) and of the surface (Fs). Since
F5«2TS, where« is the internal energy andS the entropy
of the relevant phase,dg/dT5Sb2Ss . Thus, when a surface
phase transition occurs at someT5Tx between phases hav
ing different free energies, the entropy change can be
tained from the slope change in the surface tension:3,5,9,12

DSs5dg/dTuT,Tx
2dg/dTuT.Tx

, ~4!

assuming that the bulk entropy stays unchanged. Note, h
ever, that, experimentally, ST is measured per unit area o
surface, so that the entropy obtained from the above-gi
expression is normalized to unit surface area as well. De
ing the area per molecule at the surface byA, and the en-
tropy loss upon freezing of a single molecule byDss , we
obtain the number of solid layers formed at the surface
N5DSsA/Dss . In alcohol melts when the SF bilayer
formed atT5Ts , the slope ofg(T) changes abruptly upon

FIG. 3. Surface tensiong(T) scans are shown for the bilayer surface pha
of pure C26OH ~squares!, the quadrilayer surface phase of a 23%C26OH:
77%C18OH mixture ~triangles!, and the 20%C26OH:80%C18OH mixture
~circles!, where the bilayer phase is observed forTr,T,Ts and a quad-
rilayer for Tf,T,Tr . The bilayer–quadrilayer transition is clearly ob
served atTr as a slope change in the 20%C26OH:80%C18OH mixture curve.
The lines are fits to straight lines. The curves were shifted vertically
clarity.
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cooling from a low negative value for the liquid surface to
high positive value for the SF bilayer, as shown in clos
squares in Fig. 3, measured for the pure C26OH. Since the
slopes below and above the transition atT5Ts are 2.75
60.05 and20.0960.01 mJ m22 K21, respectively, the en-
tropy loss upon formation of a pure C26OH bilayer1 is DSs

.2.8 mJ m22 K21. For an earlier-determined surface m
lecular area of1 A.20 Å2, we get hereDss520.3kB , close
to the 21.7kB obtainedfor the bulkby calorimetry.3,13The ST
scans in Fig. 3 terminate atT5Tf , where the bulk freezing
occurs and the surface tension can no longer be meas
directly.

While the SF existence range,DT5Ts2Tf , is often sig-
nificantly larger in mixtures than in the pure components,
entropy almost always interpolates monotonically betwe
those of the pure components.5 However, for our C18OH
1C26OH mixture atf.0.23 ~triangles in Fig. 3! the slopes
below and above Ts are 4.260.05 and 20.19
60.02 mJ m22 K21, respectively, and the surface entrop
change upon surface freezing isDSs.4.4 mJ m22 K21. This
is much higher than the 2.8 mJ m22 K21 obtained here for
the pure C26OH and the 1.82 mJ m22 K21 published earlier1

for the C18OH. Obviously, the much largerDSs is due to the
formation at the surface of more than a single SF bilay
consistent with the XR-derived suggestion above tha
quadrilayer, rather than a bilayer, is formed here.

Once a new solid surface phase, the quadrilayer, an
liquid–quadrilayer transition, are found, one may expect
also find, by fine-tuningf and T, a solid–solid bilayer–
quadrilayer surface phase transition. This expectation
based on the topology of the free energies of the differ
phases, shownschematicallyin Fig. 4. The gray plane, hav

r

FIG. 4. ~Color! Schematic representation of the free energy planes of
liquid ~gray!, bilayer ~yellow!, and quadrilayer~blue! phases. Three typica
trajectories corresponding to the threeg(T) scans shown in Fig. 2 are show
in blue, red, and violet. The projection of the plane intersections onto
(f,T) plane yields the surface phase diagram.A and B denote the triple
points marking the ends of the bilayer’s and quadrilayer’s existence ra
respectively. The surface (Ts) and bulk (Tf) freezing lines and the bilayer–
quadrilayer transition line (Tr) are also shown.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ing the highest~negative! T-slope, corresponds to the liqui
phase, which has the highest entropy and therefore the
est free energy at high temperatures. This results in
sample being liquid at high temperatures. The yellow pla
corresponding to the solid bilayer surface phase, has a lo
entropy, and a smallerT-slope, than the liquid plane. Th
blue plane, corresponding to the solid quadrilayer surf
phase, has the lowest entropy and lowest~negative! T-slope,
though it is strongly tilted along thef axis. The thermody-
namically favored state at each specific (f,T) location is
always that having the lowest free energy, i.e., the lowe
lying plane at that point. The intersections between
lowest-lying planes determine the coexistence bounda
between the various phases. When projected onto the (f,T)
plane, these intersection lines yield the phase diagram.
g(T) scans, shown in Fig. 3, correspond to trajectories p
allel to theT axis at fixedf values.

At low f, the blue~quadrilayer! plane’s highf slope
renders the yellow~bilayer! plane the lowest, and the quad
rilayer phase does not form forf&0.18. Only a liquid and a
bilayer phase exist at the surface. ReducingT from the liquid
surface phase will result in a trajectory, shown in a violet li
in Fig. 4, crossing from the gray to the yellow plane at so
point Ts and then reaching bulk freezing atTf . A typical
g(T) scan obtained along such a trajectory is shown in F
3 in closed squares, and exhibits slopes characteristic
liquid and a bilayer phase. At highf the free energy topol-
ogy is totally different: the highf slope renders the blu
plane lowest, so that upon loweringT from the liquid surface
phase, a transition is observed to a quadrilayer surface p
at Ts , the intersection of the blue and gray planes. The
jectory of such aT scan atf'0.23 is shown in a blue line in
Fig. 4, and the correspondingg(T) curve is shown in closed
triangles in Fig. 3. At an intermediatef range between thes
two limits, a region must exist where the yellow plane is t
lowest for part of theDT existence range of SF, and the blu
plane is the lowest for the remaining part ofDT. This region
will terminate in two triple points, a high-T, high-f one for
the quadrilayer-bilayer-liquid surface phases, marked byA in
Fig. 4, and a low-T, low-f one for the quadrilayer-bilayer
bulk solid phases, marked byB. The line connecting thes
two points, marked byTr on the (f,T) plane in Fig. 4, is the
boundary between the bilayer and the quadrilayer surf
phases. This line must be intersected at aT5Tr by any T
scan in thef range between the two triple points. Such
trajectory is shown in red forf'0.2 in Fig. 4. The resultan
g(T) curve, shown in open circles in Fig. 3, clearly show
the liquid–bilayer transition atTs as well as the slope chang
due to the transition from a bilayer to a quadrilayer surfa
phase atTr . The geometry of the phase space is such th
similar, intuitively expected, sequential bilayer-t
quadrilayer freezing transition is either preempted byTs or
by Tf in the higher- and lower-f regimes. Finally, note tha
the f range of existence of a quadrilayer vanishes at
high-f end in our C18OH1C26OH mixtures because of it
preemption by bulk freezing. The preemption of the surfa
freezing by bulk freezing for a range of concentrationsf,
which is often observed to occur in mixtures with large ch
length mismatchDn, is known as a ‘‘black hole’’ and has
Downloaded 04 Nov 2003 to 130.199.3.22. Redistribution subject to AI
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been discussed elsewhere.5 The f range of the quadrilaye
phase, wedged between the ‘‘black hole’’ and the bilay
phase, is thus rather narrow, and not easily reachable in p
tice.

Theg(T) scan atf50.2, shown by open circles in Fig
3, exhibits a liquid–bilayer surface phase transition up
cooling, with an entropy loss of DSs,252.65
60.06 mJ m22 K21, i.e. Dss,2519.2kB , close to, though
;5% smaller than that of a SF bilayer of pure C26OH. At
T5Tr a transition occurs to a region of a larger slope, so t
the entropy loss relative to the liquid phase isDSs,454.51
60.06 mJ m22 K21. UsingDss,2 , this entropy loss indicates
the existence of N.(4.531023)3(20310220)/19.2kB

.3.4 solid layers at the surface. This result is consistent w
the suggestion that the surface layer is a quadrilayer, i.eN
.4, particularly when considering the partial coverage, a
the possibility that the entropy loss upon freezing of the
ner bilayer, residing in between the liquid and the upper
layer, is lower than that of the upper bilayer, residing b
tween the lower bilayer and the vapor phase.

The liquid–bilayer surface transitions in bothg(T)
scans shown in Fig. 3~closed squares and open circles! are
abrupt. The sharp discontinuity atT5Ts in dg/dT, and
hence inDS(T), was also found in previous studies of th
SF transition,3,5,14 and is indicative of a first-order phas
transition. The bilayer–quadrilayer transition atT5Tr ~open
circles! and the liquid–quadrilayer transition atT5Ts

~closed triangles! in Fig. 3 appear to be rounded. Since n
second-order transitions were found to date in SF lay
these transitions are probably still first order, and the rou
ing could be caused by impurity or kinetic smearing. Simi
smearing was observed in bulk crystallization in binary m
tures, where small amounts of uncrystallizable mater
were found to cause a rounded transition, and also a redu
crystallinity at low temperatures.15 The last effect, in particu-
lar, is the three-dimensional analogue of the partial surf
coverage by the SF phase observed here. A more defi
determination of the order of the transition will require pur
samples and careful bidirectional measurements of the t
sitions discussed here.

Two questions arise concerning somewhat related iss
why does the quadrilayer form at the surface at this particu
mixture, and what stabilizes the quadrilayer at the surf
against inducing a complete solidification of the bulk.
answer the first question, we note that for mixtures where
length difference of the two molecules,Dn, is small, the
effective layer thickness, and thus the XR fringe period, v
continuously with f between the values of the pur
components.5 For largeDn, however, phase separation us
ally occurs at the surface and the SF layer is composed
most exclusively of the longer component. In the transiti
region between the two regimes, atDn/n̄'0.4, wheren̄ is
the average of the lengths of the two molecules, exo
phases were found, as mentioned earlier. In the present
Dn/n̄'0.36 just at the transition between the two regim
Thus, we also find here forf'0.23 an exotic surface phas
the quadrilayer, whose existence is demonstrated by
anomalously high entropy loss upon surface freezing, an
markedly different XR curve, shown in circles in Fig. 1, bo
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of which are shown above to be consistent with the form
tion of a double bilayer atT5Ts .

What stabilizes the solid quadrilayer at the free surfa
of the melt? In studies of SF in monocomponent alkanes
alcohols, it was proposed that the formation of a solid mo
layer ~or bilayer! at the surfacelowers the overall surface
free energy relative to that of a liquid surface, thus stabi
ing the SF phase at a temperature where the bulk is
liquid.1,2 However, the same argument cannot be used for
formation of an additional bilayer, since if the formation of
second bilayer, which is not at the surface, lowers the t
free energy further, so should additional bilayers, and b
solidification should ensue. It is possible, in principle, th
the surface field will have a decay length larger than
thickness of a single mono- or bilayer. In this case the s
face field strength at consecutive layers will vary with dep
below the surface, approaching eventually zero in the b
For a decay length larger than a single bilayer but sma
than, say, three bilayers, it is possible that the surface fi
will stabilize two SF bilayers, i.e., a quadrilayer, at the s
face, but not three or more, and hence bulk crystallizat
will not occur. A related phenomena occurs in liquid cryst
where even more layers can form.6 In that case, however, th
increase in the number of surface layers upon cooling
strictly sequential, while here it is also possible to varyf to
reach regions in phase space where the transition is dire
from a liquid either to a bilayer or to a qaudrilayer. Th
difference in the range of the surface field between mo
component alkane melts, where the surface field does
extend beyond a single layer, and the present case, whe
extends to two bilayers, may stem from the fact that in
present mixture we are close to the edge of a ‘‘black ho
where the surface free energy balance just barely favors
over bulk freezing. The above-noted arguments are ad
tedly speculative. Additional experimental evidence as w
as a quantitative theoretical formulation are required to e
cidate the origin of the quadrilayer formation. Such resu
may lead also to the detection of phases with more SF la
than those detected so far.

In conclusion, a first observation~by XR and ST mea-
surements! of a surface-frozen quadrilayer phase is report
It was found to occur in melts of C18OH1C26OH mixtures
for concentrations nearf50.23. The observed surfac
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phases and transitions were shown to emerge from the to
ogy of the (F,f,T) space. The liquid–bilayer transition i
sharp and thus seems to be first order, as found for S
many other pure alcohols and alcohol mixtures. The liqui
quadrilayer and the bilayer–quadrilayer transitions are so
what rounded, most probably due to impurity or kine
smearing, although the possibility of a second-order tran
tion cannot be ruled out at present. The thermodynamics
bilizing the solid quadrilayer at the surface requires furth
study.
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